Introduction
Zinc oxide (ZnO) nanoparticles represent an important class of commercially applied materials. They have been widely applied in diagnostics, therapeutics, drug-delivery systems, electronics, cosmetics, personal care products, and food additives, due to their magnetic, catalytic, semiconducting, antimicrobial, ultraviolet-protective, and binding properties. [1] [2] [3] [4] However, the increasing use of ZnO nanoparticles has raised concern about their potential toxicity for humans and the environment. The majority of in vivo toxicity studies on ZnO nanoparticles have investigated acute toxicity and subacute toxicity after a single or repeated dosing, respectively, via inhalation, ingestion, injection, or dermal penetration. [5] [6] [7] [8] [9] [10] However, much work has yet to been done to determine absorption amounts and bioavailability. Pharmacokinetic (PK) studies require a systematic and thorough quantitative analysis of absorption, distribution, metabolism, and excretion in whole animals, and provide measures of kinetic profiles in plasma and all tissues until the agent is completely cleared from the body. 11, 12 Thus, PK studies provide basic information about nanoparticle entry into systemic circulation, organs targeted for accumulation, and time required for elimination. Kinetic parameters provide information on the half-lives and residence times of nanoparticles, and thus PK studies are needed to understand the biological interactions of nanoparticles with tissues and to determine the effects of long-term exposure. On the other hand, toxicokinetics (TK) applies PK tools to define the relationship between kinetic behaviors of a toxicant and the occurrence of toxic events. 13 Both PK and TK profiles of nanoparticles are highly dependent on exposure routes and physicochemical properties, 
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Choi and Choy such as size, shape, surface charge, surface chemistry, and chemical composition. 11, 14 Unlike other metal oxide nanoparticles, such as titanium dioxide, cerium oxide, and iron oxide, ZnO nanoparticles are not highly stable and tend to dissolve in aqueous solutions, subsequently releasing zinc ions from the particles. [15] [16] [17] [18] The solubility of ZnO nanoparticles depends on pH, concentration, particle size, and the presence of organic compounds. 15, 19, 20 Thus, their instability and solubility under physiological conditions pose a challenge in distinguishing if the toxicity of ZnO nanoparticles results from the particulate or zinc toxicity. Controversies continue to exist on the toxicity of ZnO nanoparticles as well as their fates in biological systems. [21] [22] [23] This review summarizes the biokinetic behaviors of ZnO nanoparticles obtained by different approaches, with discussion of TK, target organs, solubility, biological fates, and toxicity potentials.
Biokinetic behaviors Absorption
Time-course analysis of plasma concentrations after administering a single dose of ZnO nanoparticles is an effective method for quantification of absorption and bioavailability, and helps in the estimation of distribution as well as elimination phases. 24 Most absorption studies on ZnO nanoparticles evaluate biokinetics after a single-or repeated-dose oral exposure, since oral administration generally decreases bioavailability due to gastrointestinal barriers, the firstpass effect, and incomplete absorption related to liver and gut-wall functions. On the other hand, intravenously injected nanomaterials directly enter the systemic circulation, and thus in principle obtain 100% bioavailability. Determining biokinetic properties of ZnO nanoparticles often relies on the quantitative analytical techniques commonly applied to inorganic materials, ie, quantification of zinc content in biological samples. Methods for quantification include inductively coupled plasma-atomic emission spectroscopy, inductively coupled plasma-mass spectroscopy, and atomic absorption spectrophotometry.
Following a single oral administration, plasma concentration versus time profiles of ZnO nanoparticles are highly dependent on exposure dose. When three different doses (50, 300, and 2,000 mg/kg) of two different nanoparticle diameters (20 and 70 nm), dispersed in citrate/4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), were orally administered to rats, all PK parameters, such as, maximum concentration, time to reach maximum concentration (T max ), area under the plasma concentration-time curve (AUC; a measure of the total amount that reaches the systemic circulation), half-life (t ½ ), and mean residence time (average time that a molecule remains in the body), increased clearly in a dose-dependent manner. 25 In particular, the absorption rate and distribution phase were highly dependent on exposure dose, showing T max values at 1, 6, and 24 hours after receiving 50, 300, and 2,000 mg/kg, but returned to normal levels within 6, 24, and 96 hours, respectively ( Figure 1 ). Oral absorption efficiency was determined to be about 13%, 25%, and 31%, respectively. Interestingly, 
263
Biokinetics, fate, and biological interaction of ZnO nanoparticles no significant differences between particle sizes or sex were demonstrated.
Further kinetic behavior studies on surface-charge effects (negative and positive) of ZnO nanoparticles showed that negatively charged particles (capped with citrate/HEPES, ZnO -) were absorbed in larger amounts than positively charged particles (capped with l-serine/HEPES, ZnO + ), about 11%, 15%, and 16% absorptions for 50, 300, and 2,000 mg/kg doses, respectively. 26 Therefore, it was concluded that surface charge rather than particle size was the dominating factor affecting absorption efficiency. Mechanistic studies are further needed to understand the reason for the high absorption efficiency of negatively charged ZnO nanoparticles compared to positively charged particles. On the basis of absorption efficiency, ZnO nanoparticles with negative charge can be more efficient for biological application, whereas positively charged particles may cause less toxicity. Table 1 summarizes the particle size, surface charge, and pharmacokinetic behaviors of ZnO nanoparticles. Moreover, kinetic behaviors of ZnO nanoparticles in all cases differed from those of zinc ions compared to ZnCl 2 administration, showing a rapid absorption rate, high absorption amount, and long t ½ for zinc ions. 26 Therefore, the particulate form seems to be primarily absorbed into the bloodstream.
After repeated-dose administration, the TK of ZnO nanoparticles is different from that obtained by a single exposure. The absorption of 40 nm ZnO nanoparticles dispersed in distilled water was investigated following repeated oral administration to rats by measuring blood zinc concentration after 13 weeks of the treatment; 27 a clear dose-response relationship was demonstrated, showing significantly increased zinc levels in rats administered 536.8 mg/kg but not in rats treated with 134.2 and 268.4 mg/kg. This suggests that the highest dose administered remained in the blood circulation 24 hours after final gavage. The no observed adverse-effect level of ZnO nanoparticles was 268.4 mg/kg for both male and female rats, 27 which seems to be closely correlated to persistence at 536.8 mg/kg in the body. Similar observations were found in a repeated dose 90-day oral TK study of 20 nm ZnO nanoparticles suspended in citrate/HEPES in rats;
28 a significant increase in plasma zinc levels was detected in rats administered 250 mg/kg at 90 days and 500 mg/kg at 28-90 days. Furthermore, elevated plasma zinc levels were found in some rats treated with 125 mg/kg. The difference in zinc-level persistence between the former and latter studies may have been due to different particle sizes tested or dispersing conditions. Nevertheless, repeated oral exposure of ZnO nanoparticles could lead to systemic
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Choi and Choy long-term accumulation, which may imply potential toxicity after long-term exposure. Worth noting is that the tolerable upper intake level for zinc is 40 mg/day in adults. 29 More caution needs to be taken when the human body is repeatedly exposed to nanoparticles.
Another important factor to be considered for understanding TK of ZnO nanoparticles is their fates in the bloodstream. The kinetics of neutron-activated 65 ZnO nanoparticles of two different sizes (10 and 71 nm) was evaluated in mice after intravenous injection, with 65 ZnNO 3 as a control; 30 the kinetic parameters for the two nanoparticle sizes were similar, but greater plasma AUC and t ½ values were found for 65 ZnNO 3 than 65 ZnO nanoparticles. These results are in good agreement with the report by Paek et al, described earlier. 26 Although part of the ZnO nanoparticles can dissolve in biological fluids, the kinetic behaviors of ZnO nanoparticles in terms of absorption are likely different from those of zinc ions. Therefore, the nanoparticles are likely to be primarily present in particulate forms in the systemic circulation.
Distribution
The tissue distribution of ZnO nanoparticles has been evaluated in whole animals, often associated with toxicity evaluation. Tissue-distribution study is essential in identifying target organs and target-specific toxicity, and requires quantification of nanoparticle distribution over various organ systems following a single or repeated exposure. Tissue-distribution kinetics after a single administration provides residence times of nanoparticles in the body and elimination times.
Tissue-distribution patterns are highly dependent on exposure route, animals, and the physicochemical properties of nanoparticles. Orally administered ZnO nanoparticles of 20 and 70 nm capped with citrate/HEPES or l-serine/HEPES were determined to accumulate in kidneys, liver, and lungs in rats after a single-dose administration, regardless of particle size, surface charge, or sex (Table 1 and Figure 2) . 25, 26 Tissue-distribution kinetics demonstrated a similar tendency to that found in plasma concentration-time profile ( Figure  1) , showing elevated zinc concentrations at 6-24 hours and 1-2 days in kidneys and liver after administration of 300 and 2,000 mg/kg, but returned to normal levels at 2 and 7 days, respectively. High retention of ZnO nanoparticles in lungs for the first hour can be explained by the fact that particles of 30-80 nm tend to be generally sequestered in lung tissue. 31 The same target organs for ZnO nanoparticles were determined by applying optical imaging of Cy5.5-conjugation and positron emission tomography imaging of fluorinated particles. 32, 33 ZnO nanoparticles of 40 nm distributed to the liver and kidneys following repeated oral administration to rats for 13 weeks; however, lung distribution was not included in this study. 21 On the other hand, elevated zinc levels were detected in the liver, spleen, and kidneys in mice orally administered ZnO nanoparticles of about 93 nm, and caused acute liver toxicity. 34 Different tissue-distribution patterns between oral ZnO nanoparticles and ZnCl 2 were demonstrated, showing higher distribution of ZnO nanoparticles in lungs, but lower distribution in kidneys and liver than ZnCl 2 . 
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Biokinetics, fate, and biological interaction of ZnO nanoparticles Gamma ray-emitting radioactive ZnO nanoparticles were primarily distributed in lungs and to a lesser extent in the liver, kidneys, and spleen after a single intravenous injection to mice. 35 The liver, spleen, kidneys, and lungs were found to be the main target organs for neutron-activated 65 Intraperitoneally injected ZnO nanoparticles (93 nm) were more effectively distributed in the liver, spleen, kidneys, lungs, and heart in mice, compared to their distribution in the liver, spleen, and kidneys following oral administration. 34 Meanwhile, inhalation of 20 nm ZnO nanoparticles in rats led to elevated zinc content in liver, but severe toxicological effects were observed in both liver and lung tissues. 9 The liver and kidneys are likely to be common target organs, regardless of different exposure routes, experimental animal types, and physicochemical properties of ZnO nanoparticles. Therefore, the potential toxicity of ZnO nanoparticles to these organs has to be considered. Furthermore, the tissue distribution of ZnO nanoparticles differs from that of zinc ions, which leads us to conclude major particulate uptake into organs.
excretion
The excretion kinetics of nanoparticles is important in the context of understanding the elimination processes of wastes or metabolites. In general, entities of less than 6 nm in hydrodynamic diameter (HD) are capable of glomerular filtration, while those of larger than 8 nm HD are not. 36, 37 The renal filtration threshold for proteins is typically less than 5 nm in HD. 38 Indeed, nanoparticles with an HD smaller than 5.5 nm were determined to undergo urinary excretion efficiently. 39 Therefore, large particles should be decomposed or biodegradable prior to clearance via urine. Conversely, fecal excretion involves the elimination of both nonabsorbed entities after oral ingestion and metabolites excreted via bile that are not reabsorbed from the small intestinal gut.
The excretion kinetics of ZnO nanoparticles can be affected by exposure routes or physicochemical properties. However, fecal and biliary excretion routes seem to play major roles in nanoparticle elimination, regardless of exposure routes, particle size, surface charge, sex, or experimental animal type. Most orally administered ZnO nanoparticles (20 or 70 nm, negative or positive charge) were excreted via the fecal route in rats, while a small portion of nanoparticles was cleared via urine. 25, 26 Size-dependent urinary excretion kinetics was also demonstrated; 20 nm nanoparticles were more rapidly cleared compared to 70 nm nanoparticles, probably associated with easy decomposition or dissolution characteristics of smaller particles. The excretion profile of ZnO nanoparticles was not dependent on surface charge. 26 Therefore, particle size rather than surface charge determines the excretion kinetics of nanoparticles. Although no significant effect of particle size on absorption has been found, it is probable that larger 70 nm particles exhibit more toxicity than 20 nm ones, because 70 nm is cleared more slowly than 20 nm. Highly elevated zinc concentration was detected in feces after 13 weeks of consecutive oral administration to rats, 21 which is in good agreement with the results by Baek et al 25 and Paek et al. 26 Fecal excretion of radioactive ZnO nanoparticles in mice following intravenous injection was also clearly demonstrated. 35 It is worth noting that the principal pathway of zinc excretion is via feces, and absorbed zinc is reexcreted into the small intestine via the biliary route, 40 whereas, zinc elimination through the kidney plays a minor role. 40 Therefore, the excretion process of ZnO nanoparticles appears to follow the same pathway as zinc ions.
Biological fate
Recent studies have focused extensively on the determination of in vivo fates of ZnO nanoparticles to investigate whether their fates are as intact particulate forms or dissolved ionic forms in cells or tissues. In particular, the solubility of ZnO nanoparticles must be considered for oral evaluation, because of their high dissolution in acidic fluids versus alkali fluids. 15, 16, 19 The biological fates of nanoparticles are still unclear; however, many studies suggest that the primary bioavailable form of ZnO nanoparticles in tissues is ionic zinc rather than the particulate form.
Cho et al reported complete 40 nm ZnO nanoparticle dissolution in simulated gastric fluid compared to almostintact particles in distilled water. 21 The conclusion was drawn that the absorption of zinc ions from ZnO nanoparticles under acidic gastric conditions contributes to their oral toxicity -pancreatitis. 27 Paek et al recently demonstrated a contradicting report of partial dissolution (13%-14%) of 20 and 70 nm ZnO nanoparticles capped with citrate/HEPES or l-serine/HEPES in simulated gastric fluid. 26 When absorbed plasma levels and tissue-distribution concentration of ZnO nanoparticles or ZnCl 2 were calculated based on soluble 
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Choi and Choy zinc dose, the difference in kinetics between particles and ZnCl 2 was greater, indicating the effect of particulate forms on biokinetic behaviors. 26 The conflicting results regarding the solubility between two studies may be related to the use of capping agents in the Paek et al study. They also determined that the major fate of ZnO nanoparticles in tissues was as the ionic form, based on the fact that no particulate forms were observed in transmission electron microscopy on the liver and kidneys following both oral and intravenous administration. 26 The ionic zinc fate in tissues was also supported by X-ray absorption spectroscopy, showing new Zn-S bond formation in organs in rats administered ZnO nanoparticles; 25 indeed, Zn-O and Zn-Zn bonds in the wurtzite structure were found in the reference ZnO nanoparticles. 25 Therefore, the nanoparticles enter the blood circulation in both particulate and ionic forms, but mainly as particles, and localize in organs primarily as zinc ions. Finally, the zinc appears to be cleared in the same manner as zinc ions. Li et al suggested that both dissolved zinc ions and nanoparticulate forms must be considered for toxicity evaluation of ZnO nanoparticles. 22 Hao et al also identified the toxicity of ZnO nanoparticles as a function of particle toxicity, and not as a result of only particle dissolution. 23 Therefore, the question as to whether ZnO nanoparticles are absorbed into the bloodstream as both particles and zinc ions or only as ionic forms remains to be answered, which may depend on the preparation method or dispersing agent used for nanoparticles.
The fates of ZnO nanoparticles in human bronchial epithelial cells (BEAS-2B) were determined by scanning transmission X-ray microscopy and X-ray absorption near-edge structure analysis; 41 the nanoparticles are taken up by cells in particulate forms, then completely and rapidly dissolve inside cells, generating Zn 2+ ligated by thiol groups. This is consistent with the in vivo ZnO nanoparticle fate determined by Paek et al. 26 The bioavailability fate of isotope-labeled ZnO nanoparticles was traced by coherent anti-Stokes Raman scattering and scanning transmission electron microscopy with energy dispersive X-ray spectroscopy in mud shrimp (Corophium volutator); 42 ionic zinc from particles in an aqueous environment was determined primarily to contribute to the uptake and bioavailability fate of ZnO nanoparticles. Although the particulate form affects the kinetics and toxicity of ZnO nanoparticles, it appears that the fate of ZnO nanoparticles in tissues or cells is primarily as ionic zinc, which should be considered in underlying the mechanisms of their in vitro and in vivo toxicity (Table 1 and Figure 3) . On the other hand, the particle-dissolution properties and ionic fate of ZnO nanoparticles in tissues are not advantageous for such biological applications as drug-delivery systems, diagnostics, and therapeutics, which could be overcome, for example, by using capping agents or coating materials. It is worth noting that part of ZnO nanoparticles are dissolved in biological fluids, but the nanoparticles retain their particulate forms in the systemic circulation. Therefore, both particulate and zinc ionic fates must be considered to understand the toxicity and TK of ZnO nanoparticles.
Nanoparticle-protein interaction
Understanding protein-nanoparticle interaction, so-called nanoparticle-protein corona, is important for the interpretation of biokinetic behaviors, bioavailability, and toxicity potential. When an inorganic or organic material comes in contact with biological fluids, such as blood, rapid interactions occur instantly and lead to protein adsorption on the surface of nanoparticles. Therefore, the interaction of nanoparticles with proteins is highly dependent on the surface characteristics and particle size of the nanoparticles. 43, 44 Most of the studies on nanoparticle-protein interaction have been performed with blood or plasma proteins, such as albumins, immunoglobulins, fibrinogen, lipoproteins, and coagulation factors, to examine binding, adsorption, and changes in protein structure. [45] [46] [47] These types of interactions may cause undesirable toxic effects or facilitate the delivery of nanoparticles to organs, because plasma proteins play a critical role in the disposition, transportation, and deposition of both endogenous and exogenous molecules by noncovalent interaction. 48 In particular, nanoparticleprotein corona implicates cellular interaction in terms of toxicity, uptake, and immune response. For example, it was reported that albumin-adsorbed single-walled carbon nanotubes contributed to the induction of anti-inflammatory Figure 4 Schematic illustration of nanoparticle-serum protein interaction and possible consequences. Notes: Serum protein adsorbed on (or bound to) the surface of nanoparticles (NPs) may facilitate immune recognition (uptake and elimination by immune cells) or cellular uptake. Protein conformational changes as a consequence of nanoparticle-protein interaction could cause undesirable toxicological effects or decrease biological activity. Uptake amount, uptake mechanism, and target-organ distribution of nanoparticles can also be influenced by nanoparticle-protein corona.
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Biokinetics, fate, and biological interaction of ZnO nanoparticles response in mouse leukemic monocyte macrophage cell line. 49 Similarly, adsorption of the pulmonary surfactant protein A on magnetite nanoparticles was determined to enhance cellular binding and uptake of nanoparticles by alveolar macrophages, while albumin adsorption led to a remarkable decrease. 50 On the other hand, albumin-coated polystyrene nanoparticles were internalized into cells via caveolae-mediated endocytosis, because caveolae are capable of the transcytosis of albumin through the cell membrane. 51 Apolipoproteins are of importance in the context of their ability to bind to diverse types of nanoparticle surfaces. 52 In particular, apolipoprotein E was able to transport nanoparticles across the blood-brain barrier, although a small amount of protein was bound to the surface. 53 In this case, the neurotoxicity of nanoparticles must be also considered, although apolipoprotein E-adsorbed nanoparticles can be used as carriers for delivering drugs at brain target sites. It is clear that biological activity and molecular targeting of nanoparticles could be dependent on protein types adsorbed on nanoparticles. Furthermore, information about protein structural or conformational changes as a consequence of protein-nanoparticle interaction is crucial, as these may cause a loss of bioactivity and subsequently lead to potential toxicological effects (Figure 4) .
Several reports have demonstrated ZnO nanoparticleprotein interaction. Bovine serum albumin (BSA), the most abundant plasma protein in cows, was adsorbed onto colloidal ZnO nanoparticles (65 nm), and the driving force for this interaction was determined to be electrostatic attraction. 54 Bhogale et al reported the spontaneous formation of a BSAZnO (7.5 nm) complex by hydrogen and van der Waals forces, resulting in slight conformational modifications in BSA structure. 46 The binding of ZnO nanoparticles to albumin as well as other plasma proteins, such as protamine and thrombin, was also demonstrated by Gann et al; 55 when they also incubated the nanoparticles with human cells, the particles induced a "rounded up" morphology of the cells, which seems to be related to high toxicity. Moreover, ZnO nanoparticles were determined to be more highly agglomerated in biological buffer containing plasma proteins than in water, leading to an increase in protein binding to the nanoparticles. 48 When the mechanism of fibrinogen adsorption on ZnO nanoparticles was investigated, both electrostatic and hydrophobic interactions were responsible for the adsorption, resulting in protein denaturation. 56 High fibrinogen adsorption was caused by ZnO nanoparticles with smaller aggregate size versus larger aggregate size; this can be explained by an inverse relationship between aggregate size and surface area. Cytochrome c, an essential protein component of the electron-transport chain, was also used to evaluate its interaction with 60 nm ZnO nanoparticles; 57 the structure and thermodynamic stability of cytochrome c was not significantly affected by its adsorption on the nanoparticles. ZnO nanoparticles actively interact with biological matrices; however, their interaction affecting
Conclusion
Biokinetic studies on ZnO nanoparticles are necessary to provide basic information about their absorption characteristics, bioavailability, t ½ , residence times, clearance rates, and organs targeted. In particular, such studies are essential in terms of predicting potential toxicological effects and for identifying correlations with acute or subacute toxicity. Although kinetic studies are in their infancy compared with the extensive studies conducted on ZnO nanoparticle toxicities in vitro and in vivo, recent research on their plasma concentration-time profiles showed different biokinetic profiles of the particles compared to those of zinc ions. Furthermore, their TK persistence at high doses after repeated exposure seems to cause adverse effects. The liver and kidneys were found to be common target organs, regardless of exposure routes, animals tested, and physicochemical properties of nanoparticles. It was also suggested that fecal excretion plays a major role in the clearance of ZnO nanoparticles. On the other hand, the biological fate of ZnO nanoparticles is likely to be primarily in the ionic form, not the particulate form, in cells and tissues. However, the question of ZnO nanoparticle absorption into the circulatory system as particles and/or zinc ions remains to be answered. ZnO nanoparticles interact with proteins, such as plasma and blood proteins, probably by electrostatic attraction, which leads to protein binding or adsorption. Further in vivo research is essentially required to understand the effects of nanoparticle-protein interaction on biokinetics, absorption, tissue distribution, bioavailability, and potential toxicity.
